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FOREWORD 
This is a technical report of a study conducted by the 
Electrical Engineering Department of Auburn University under the 
aspices of the A a h  Besearch Femdatior: te tard the fulfillhent 
of the requirements prescribed in NASA contract NAS8-5231. 
ii 
This report describes a system for the measurement of the phase 
stability of a VLF signal radiated over a short distance; such a 
systemis idependent of the incidental phase errors of the associated 
transmission equipment, and is a function only of the propagation 
medium. 
together with the inherent phase errors introduced by transmitting 
antennas caused by wind loading, temperature, etc. 
Amplitude stability of the VU? signal can be measured 
The results of this investigation indicated that a radiated 
power of 100 to 200 milliwatts is sufficient for comrmnications 
aver a 320 km path at approximately 20 kc/s with available receiving 
systems. 
from a short vertical radiator, the unattenuated field strength is 
independent of antenna height. Thus, extremely short vertical 
radiators can be utilized for VLF communications; however, the antenna 
efficiency decreases with a decrease in antenna height. 
It was also determined that, if a constant power is radiated 
A study of scaled model unbrella antennas indicated that a 300 
foot vertical radiator with a 12-rib, 300 foot unbrella is a feasible 
antenna structure for this work. The measured capacitance is large 
enough to reduce the antenna base voltage to a reasonable value and 
also to minimize the huning inductance requirements. 
iii 
An invest igat ion t o  determine the e f f e c t  of the ground system 
on the antenna eff ic iency indicated tha t  the e f f ec t ive  loss resistance 
caused by the ground conduction currents  w a s  much smaller than 
or ig ina l ly  expected f o r  reasonable ground wire lengths. This study 
is based upon the determination of the equivalent res i s tance  of the  
ground calculated from the power diss ipated i n  the  r a d i a l  ground w i r e  
system, the ea r th  adjacent t o  the ground wire system, and the  power 
diss ipated i n  the  ea r th  beyond the  ground system. This study shows 
t h a t  the required ground w i r e  lengths f o r  extremely shor t  v e r t i c a l  
rad ia tors  are much less than the  0.31 t o  0.51 lengths reconmended f o r  
a sa t i s f ac to ry  r a d i a l  ground w i r e  system a t  higher frequencies. 
A survey of the e f f e c t s  of the  f i n i t e  conductivity of the  ea r th  
on the antenna r ad ia t ion  charac te r i s t ics  is  presented only insofar  as 
it is  r e l a t ed  t o  shor t  path propagation. 
requirements are determined upon the basis of t h i s  survey, and upon 
the cha rac t e r i s t i c s  of the V I 2  propagation medium fo r  the proposed 
path of comrmnications. 
The receiving antenna 
iv  
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AN INVESTIGATION OF THE DESIGN CRITERION FOR A 
PHASE STABILITY STUDY =STEM OF W PROPAGATION 
OVER SHORT DISWCES 
E. R. Graf and C. E. Smith 
I. I ~ O ~ C T I O N  
During the last few years, the interest in the very-low-frequency 
(VLF) spectrum has steadily increased. This increased interest is a 
result of the discovery that the stability of VLF propagation over 
long paths approaches that required for precise navigation and dissemina- 
tion of world-wide time and frequency standards. In general, the 
degree of accuracy of phase comparison measurements of a one-way propa- 
gation path is inherently limited by the phase stability of the com- 
pared frequency standards and associated system components; however, 
usable precise measurements and interpretations of phase comparison 
data can be obtained with modem frequency standards that maintain a 
high degree of frequency stability. 
If the phase of a VLF signal received from a high stability 
transmitter is compared with that received from a high stability local 
frequency standard, the variation in phase is interpreted as a change 
of electrical distance between the transmitter and receiver station. 
This total phase variation can be attributed to phase variations in 
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either frequency standards, associated interconnecting transmission 
and receiving equipment, propagation medium, or a combination of these 
phenomena. 
The major source of phase error in the interconnecting transmission 
and receiving systems is the transmitting antenna, In large antenna 
structures there are slaw variations caused by changes in transmitter 
impedance, caused in turn by heat dissipation in tuning coils and 
1 short time variation resulting from wind loading and related effects. 
For accurate time comparisons and navigation systems based on 
V U  transmission, it is desirable to correct for these phase variations 
in order to obtain the greatest degree of accuraay for a given set of 
operating conditions. The operational characteristics of the frequency 
standards and the associated receiving system can be predetermined to 
any given degree of accuracy to eliminate these related errors, 
the stability and predictability of the atmospheric effects on V U  
propagation, and the effects of the associated transmission system, 
are limiting factors in the precise measurement of phase, 
Thus, 
Numerous investigations have been made in order t o  characterize 
the propagation characteristics of the region in which the ionosphere 
affects VLF propagation. The ground wave signal, which is reasonably 
stable, has been utilized as the receiving station frequency reference 
at distances up to several hundred kilometers in order to determine W 
ionospheric propagation characteristics. Comnercial telephone circuits 
3 
have also been utilized to transmit reference signals to receiving 
stations in order to obtain similar information, 3 
The objective of this very-low-frequency propagation study is 
two- fold : 
(1) to provide more accurate information concerning the propa- 
gation charactsristics and phase stability of very-luw- 
frequency signals ; and , 
to investigate the possibilities of using very-low-frequency 
signals for use in direction finding and in accurate location 
problems. 
(2) 
The purpose of this report is to describe a system for studying the 
phase stability of propagated VI3 signals, and which will eliminate errors 
caused by the antenna and frequency standards or the references of the 
system, The proposed system is a two-way transmission system, in 
which a signal at frequency fl is transmitted to the transponder station, 
where it is then re-transmitted at a phase-coherent frequency f2 
slightly offset from fl. 
station, and, after being phase coherent frequency offset, it is 
compared with the transmitted frequency f2 as shown in Figure 1. 
total phase shift over the path may be directly attributed to the 
propagation medium, (See Figure 2). 
ments utilizing this system are to be used to furnish information 
about phase and amplitude stabilities at very low frequencies resulting 
from variations in the propagation medium and the associated transmission 
Frequency f2 is received at the reference 
The 
The data obtained from the experi- 
1 -  
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Fig. 1--System block diagram for the proposed VLF phase stability study. 
5 
system. It is expected that the data will be useful in determining 
predictable measures for the short and long term phase stability of 
the propagation medium, and these measures can be utilized for precise 
phase comparison measurements over small distances. 
At present there is no available data which relates the effect 
of the phase stability of the propegation iaec?i-mii upon the obtainable 
accuracy of point-to-point phase comparison measurements at vL;F 
frequencies over short distances. 
will indicate a measure of the phase stability of the propagation 
medium, and also a measure of the associated transmission antenna 
systems utilized in the measurement system. 
The results of this investigation 
1 
11. !SYSTEM DESCRIPTION 
I 
The proposed phase stability measurement system is to be estab- 
lished over an approximate range of 300 to 400 kilometers, between 
a control station (located in Aiihmr?, Alahma) and a transponder 
station (located in Mobile, Alabama). 
made over the two-way path by (1) transmission of a CW signal to the 
transponder station from the control station, (2) synthesis of a 
phase-coherent CW signal frequency offset from the control station 
signal, (3) transmission of the phase coherent signal to the control 
station, and (4) comparison of the received signal with the reference 
signal synthesized from the control station signal, 
diagram of this system is presented in Figure 1, 
Phase measurements will be 
A simple block 
A more detailed diagram of the instrumentation required for this 
system is shown in Figure 2. The control station will consist of 
two sections,which will be referred to as the transmitter and the 
receiver sections. The transmitting section will be located several 
kilometers from the receiving station along the path connecting the 
receiving section and the transponder station. 
fl of the control transmitter will be received at the control receiving 
station and utilized as the reference for phase comparisons. This 
technique will eliminate phase shifts in the transmitted signal resulting 
The transmitted signal 
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f r w  phase variations,which in turn are caused by physical variations 
in the antenna configurations or similar factors. 
section is composed of a frequency standard, (the stability of which 
is relatively unimportant), 
The transmitting 
* frequency synthesizer, transmitter, 
and antenna. 
20 kc/s, but of necessity between 15 kc/s and 30 kc/s. 
The transmitted frequency is expected to be close to 
At the transponder station the control station signal fl is 
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received and synthesized in order to obtain a signal f which is 
frequency offset from that of signal f 
with fl and does not depend upon the local frequency standard. 
transponder signal f2 is re-transmitted to the control station receiver. 
2 
This signal is phase coherent 1- 
The 
The in-line phase control loop between the synthesizer and transmitter 
is required to stabilize the phase of the transmitted signal f2 
because phase errors are introduced in the transmitter and antenna. 
The transponder signal f2 will be received at the control station 
receiver where it will be amplified, filtered, and mixed with signal 
fl, which is approximately 1 kc/s  above or below signal f2. 
detector compares the phase between the 1 kc/s signal (synthesized 
The phase 
from f l )  and signal f2 at the 1 kc/s i-f frequency; and, the output 
is filtered and recorded for data processing. The phase difference 
obtained is independent of the instrumentation, which is not the case 
* As long as the frequency change does not exceed the receiver band- 
width and the time-rate-of-change is small. 
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9 
in a one-way phase comparison system, and indicates the total two- 
way phase shift introduced by the propagation medium. 
All modern VLF phase tracking receivers are equipped with a 
facility for securing amplitude variation data. It is proposed that 
this data be simultaneously recorded and compared for the separate 
one-way amplitude variations. This data wiil indicate the magnitude 
of the amplitude stability, and also will give a measure of the difference, 
if any, in the amplitude stabilities in the two propagation paths. 
In addition, the phase variations introduced by the transponder 
transmitting antenna will be obtained from a record of the phase 
error in the in-line phase-lock loop. 
of the phase error introduced by the transmitting antenna type 
utilized in this phase comparison system. 
This data will yield a measure 
111, VIZ ANTENNA SYSTEM 
Transmitting Antenna 
General: Any p rac t i ca l  antenna fo r  the  propagation of e lectro-  
magnetic energy i n  the VU’ spectrum w i l i  be e lec t r i ca l ly  short due ts 
the  impossibil i ty of erect ing self-resonant s t ruc tures  a t  these long 
wavelengths. The main considerations of vI;F transmitt ing antenna 
design are, i n  most cases ,  (1) the amount of power required t o  maintain 
communications over the required range, and (2) the  value of antenna 
qual i ty  f ac to r  
modulated system. I n  this par t icu lar  system, the power requirement is 
the  determining factor .  
t o  eff ic iency and power capacity, increases with height. However, 
a t  the very lowest frequencies, any p rac t i ca l  v e r t i c a l  rad ia tor  i s  i n  
the order of several  degrees of e l e c t r i c a l  lerigth, and hence it  i s  
Q required t o  s a t i s fy  the bandwidth requirements of the 
The qual i ty  of a v e r t i c a l  rad ia tor ,  w i t h  respect  
necessary t o  u t i l i z e  some form of capaci t ive top loading i n  order t o  
obtain even the minimum required performance. 
of top loading i s  usually determined by the maximum allowable antenna 
voltage f o r  high power in s t a l l a t ions ,  although tuning requirements may 
influence the f i n a l  choice f o r  low power transmitt ing in s t a l l a t ions .  
The required amount 
In VLF transmitt ing antenna design, there  i s  no real optimum design 
fo r  a pa r t i cu la r  s t ruc tu ra l  configuration, because addi t ional  e f f ic iency  
or bandwidth can be obtained by increasing the antenna height ,  top 
10 
I 
I U  
loading, ground plane s ize ,  etc. The cost-performance relat ionship 
increases rapidly fo r  improved operation because of the increase i n  
pr ice  per foot of erecting and maintaining the antenna s t ructures ,  
and the cost  of higher voltage insulators required for  large transmitted 
powers. 
A stwiy has been made t o  determine some antenna configuration 
which w i l l  perform under the required conditions and which w i l l  be 
f inancial ly  feasible.  
possible transmitting antennas. 
antenna fed by one, or multiple, down leads, and the other is  an umbrella 
antenna, which i s  a simple ve r t i ca l  radiator  u t i l i z i n g  the guy wires 
as loading elements. 
configuration, it, i n  general, costs  less t o  e rec t  and maintain; 
thus, the umbrella type antenna was selected fo r  u t i l i z a t i o n  i n  the 
system. 
Two configurations have been considered as  
One is a diamond-shaped top-hat 
Since the  umbrella antenna has the simplest physical 
- Power Requirements: Since the  design of the complete system is 
dependent upon the determination of the required radiated power, a 
careful  study w a s  made t o  determine an estimate of the required 
power. This study was  based upon the technique for  determining the 
required power f o r  a VLF transmission path presented by J. A. Pierce, 4 
and it was assumed t h a t  t h i s  data w a s  suf f ic ien t ly  accurate over the 
range i n  question (approximately 320 km). Pierce's  technique employs 
the highest measured value of atmospheric noise i n  the United S ta tes ,  
cal led Kansas noise, as a basis f o r  extracting power requirements for  
a given signal-to-noise r a t i o ,  SNR. 
I 
Since the  criterion f o r  
s ens i t i v i ty ,  it i s  desirable  
12 
radiated puwer i s  re la ted  t o  receiver 
t o  base the calculat ions on a VLF 
phase tracking receiver system present ly  avai lable  f o r  u t i l i z a t i o n  in  
the  proposed system. A typical  receiver  having a s e n s i t i v i t y  of 
0.01 uv f o r  a -20 db signal-to-noise r a t i o  i n t o  the tracking f i l t e r  
f+i positive automatic gain control  (AGC) ac t ion  w a s  selected. The 
bandwidth f o r  t h i s  SNR is  50 c/s ,  and the tracking f i l t e r  has a 
bandwidth of 0.002 c/s. 
f i l ter  would be 
Hence, t he  SNR exis t ing  i n  the tracking 
rn 
From t he  ava i lab le  information f o r  the determination of required 
power, a c u m  indica t ing  the var ia t ion  of SNR as a function of f re-  
quency and power of a 320 km path length has been prepared and is  
presented i n  Figure 3. 
1 kc/s bandwidth, and are a function of frequency f o r  several powers 
a t  the  required distance. 
i n  reference t o  Kansas noise for a tracking f i l t e r  bandwidth of 0.002 c/s. 
For a transmission frequency of 20 kc/s  the  required power i s  approxi- 
mately 2.4 w a t t s ,  as determined from the  curve. 
t h a t  the determination assumes t h a t  no addi t ional  noise i s  added by the  
preceeding receiver stages and by the  antenna. 
the assumption is va l id  because the  noise f igure  of the avai lable  
equipment is su f f i c i en t ly  small i n  most cases. 
The or ig ina l  calculat ions are fo r  SNR's f o r  a 
The r i g h t  ordinate of t h i s  curve is  the SNR 
It must be noted 
A t  these frequencies, 
I _ -  
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by VLF, Proc. IRE, Vol. 45, 
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Fig. 3 --Variation o f  Signal t o  Noise Ratios A s  a Function 
of Frequency and Power f o r  a 320 KM Path Length* 
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Additional exapples of atmospheric noise, as a function of 
frequency a t  various locations, are presented i n  Figure 4. It i s  
important t o  note tha t  a l l  values of noise a re  below the recorded 
Kansas noise. The median value of noise i n  t h i s  la t i tude  (32%) 
as presented i n  %eference Data for Engineers, (ITT)," i s  approximately 
26 db be law Kansas noise a t  20 kc/s. The measured average of noise 
peaks a t  15 kc/s which was  measured near Gainsville, Florida (28%) 
i s  approximately 16 db below Kansas noise; t h i s  average was obtained 
from a study performed by the University of Florida Elec t r ica l  
Engineering Department, Because noise levels  generally decrease with 
frequency, the noise as  measured i n  the University of Florida Study i s  
seen t o  be a t  least 10 db belaw Kansas noise, Since a l l  recorded 
noise data indicate  tha t  the existing noise level i n  t h i s  region is 
a t  least 10 db be low Kansas noise, then a s h i f t  of 10 db for  the SNR 
t o  Kansas noise for  the 0.002 bandwidth indicates tha t  a radiated 
power of 200 mw i s  required for 320 km a t  20 kc/s. 
These curves were based upon the required SNR fo r  posi t ive AGC 
control  as specified by the receiver manufacturer; thus, addi t ional  
receiver  s ens i t i v i ty  may be obtained by operating without AGC, which 
w i l l  permit a lower than normal set point fo r  the receiver tracking 
filter input level. Under specified conditions a radiated power of 
100 t o  200 m, should be suf f ic ien t  fo r  communications over t h i s  path 
during a l l  periods except those i n  which ambient noise is  excessive. 
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Vert--a1 Radiator Characterist ics 
The main disadvantages of vI;F propagation are the high cos t  and 
the  p rac t i ca l  d i f f i cu l ty  of erecting antenna s t ructures  with 
dimensions appreciable with respect t o  the  operating wavelength. 
A l l  vI;F antermas are usually some form of an e l e c t r i c a l l y  short  vertical 
r ad ia to r  with capaci t ive top loading. Thus, it is convenient t o  discuss 
the  performance of such antennas i n  terms of a s ing le  v e r t i c a l  radiator .  
The first consideration i n  the design of a VLF antenna i s  the 
determination of the  antenna height. 
unattenuated f i e l d  strength5 at t he  surface of a perfect ly  conducting 
f la t  ear th  one m i l e  from a simple vertical rad ia tor  is 
It has been shown tha t  the 
where 
Io =E , antenna base current ,  o r  Io =v2 
w = t o t a l  antenna power input,  
Pr = radiated power, 
Rt = t o t a l  antenna resis tance,  = Rf: + RL, 
= rad ia t ion  resis tance,  
RL = e f fec t ive  loss  res is tance,  
h = 36Oo/X, angular antenna height,  
G = 27ra/A, radian antenna height,  
and a = antenna height. 
1 7  
I f  KQn, which is  the case for e l e c t r i c a l l y  short  antennas, and Io 
i s  expressed 
IFs I 
o r  
1% I 
where 
and 
i n  terms of radiated power, the f i e l d  s t rength is 
37.25 /? (G/2) mv/meter , 
cos G c  1 - G2/2 
s i n  G C  G 
(3) 
(4) 
which are approximations obtained from series expansions, 
l ished expression f o r  radiat ion resis tance of a shor t  vertical rad ia tor  i s  
The estab- 
for  h < 30°. The subs t i tu t ion  of (5) i n  (4) y ie lds  a f i e l d  s t rength of 
which is independent of antenna height  f o r  a constant radiated power. 
Equation (6) requires  that a specif ic  power be radiated regardless of 
the  rad ia t ion  resis tance,  which is  a function of antenna height as 
indicated i n  Figure 5 fo r  = 0. A comparison of t h i s  r e s u l t  ItOE 
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with the la rger  f i e l d  strength a t  one m i l e  obtained from a quarter 
wavelength vertical antenna indicates only an approximate f i v e  
percent difference. 
s t rength d i s t r ibu t ion  i n  the ve r t i ca l  plane around a one-quarter 
wave length antenna, and a short  dipole or  in f in i tes imal  antenna 
above a loss less  ground plane . 
shor t  dipole is 
This r e s u l t  is  eas i ly  deduced from the f i e l d  
0 The rad ia t ion  pa t t e rn  fac tor  of the 
Pf = Sin 6, 
and fo r  t he  quar te r  wavelength antenna it i s  
= cos ( d 2  cos 9) 
pf XI4 Sin  -8 
(7) 
where €3 is  measured from the ver t ica l .  
wave  antenna is only s l i g h t l y  more directive than the pa t te rn  of the 
sho r t  dipole,  and the magnitude i s  equal f o r  8 = d 2  (along the 
The pa t te rn  of the quarter 
ground plane). 
A similar, y e t  d i f fe ren t ,  analysis’ has been made by others  
wherein the input puwer w is held constant f o r  a per fec t ly  conducting 
ground. On t h i s  assumption, equation (2) becomes 
IFs I G 2 - m v / m e t e r  
1 -  
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fo r  K Q x .  
antenna system, 
For \ = 0,  perfect ly  conducting ear th ,  and a lossless  
which i s  similar to equatim (51, and also indicates tha t  the f i e l d  
s t rength i s  independent of antenna height. However, (10) applies fo r  
a lossless  antenna system. 
with height since 
If RL # C then the f i e l d  strength decreases 
f o r  WQx. 
equivalent loss resistance inmore relevant references, and hence it 
can create  some misunderstanding i f  the power is  not c lear ly  specified. 
This type of analysis i s  cer ta inly correct ,  and it i s  employed to 
emphasize the e f f ec t  of radiator height on antenna efficiency for  a 
fixed available power input. But, because only small radiated powers 
a re  required i n  the proposed system, the antenna efficiency i s  not the 
main concern, and the f i e l d  strength can be considered independent of 
antenna height if power sources a re  avai lable  t o  maintain a constant 
radiated power regardless of  radiation resistance.  
Equation (9) is  usually plot ted fo r  various values of 
The considerations thus far have applied only for an en t i r e ly  
lossless  antenna system. I n  practice the losses encountered great ly  
I -  
K- 21 
influence system performance because the radiation resistance is 
extremely small, as indicated in Figure 5. These losses occur in 
the tuning inductance, in the vertical radiator, in the insulators, 
and in the ground resistance as shown in the equivalent circuit 
given in Figure 6. 
The tuning inductance is required in order to reduce the driving 
7 voltage for the antenna reactance which is of the form 
XA = Zo cot h 
where 
h 
Zo = 60 an (F1- 1) 
and 
r = effective radius of the.antenna. 1 
The reactance, capacitance, and required tuning inductance as a 
function of height for a simple vertical radiator is presented in 
Figure 7. 
towers, which indicates the need for capacitive top loading; however, 
even with capacitive top loading, practical tuning inductors usually 
have loss resistances in the hundreds of milliohms or more. This 
resistance is much larger than the radiation resistance of an antenna 
of several electrical degrees of length. The antenna loss resistance 
The tuning inductance is excessively large for unloaded 
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F i g .  6--VLF antenna equivalent circuit. 
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i s  usually negl igible  i f  the component pa r t s  of the v e r t i c a l  rad ia tor  
are bonded together s a t i s f ac to r ly ,  and are of su f f i c i en t  surface area. 
The ground res i s tance  Rg is an e f fec t ive  resis tance referred t o  the 
antenna equivalent c i r c u i t ,  which is  calculated from 
Power Loss i n  Ground Svstem - _. PG- 
f i g =  (Base Current) 2 Io2 
(f4j 
Typically, the  ground resis tance i s  not l e s s  than several  hundred 
milliohms a t  these frequencies. 
i s  the r e s u l t  of conduction currents induced i n  the resistive ground 
system. 
lo s s ,  which makes the  t o t a l  power loss  i n  the ground the sum of the  
power loss in  the w i r e s  (P,), the ground adjacent t o  the w i r e s  (Pe), 
and the ground beyond the ground wires (Px). 
of a su f f i c i en t  number of wires of the proper length and s i ze ,  the 
power diss ipated i n  the w i r e s ,  and i n  the ea r th  adjacent t o  the w i r e s ,  
The power diss ipated i n  the ground 
Radial ground w i r e s  are usually employed t o  minimize t h i s  
Through the placement 
can be reduced t o  an acceptable value, 
r e l a t ed  t o  the  se lec t ion  of ground plane s i z e  reconanend t h a t  approximately 
120 r a d i a l  ground wires a t  least 0.31 
ground resistance. 
lengths i n  the order of tens of m i l e s  because of the space requirement. 
Most sources of information 
long be u t i l i z e d  fo r  minimum 
However, t h i s  is  not a t  a l l  p r a c t i c a l  fo r  wave- 
Since this requirement i s  impractical, a study has been made t o  
determine the e f f ec t ive  resis tance of the  ground with respect t o  a 
shor t  v e r t i c a l  rad ia tor  and a short  r a d i a l  wire ground plane. 
study w a s  based upon the assumption t h a t  
This 
PG = Pw + Pe + Px 
o r  
25 
0 0 a 
where I) indicates  power density i n  p o w e r h i t  length in  a r a d i a l  
d i r ec t ion  from the antenna, and where a i s  the length of the ground 
w i r e s .  
o r  OD 
Rg = Rgp + 
I O 2  
where 
0 
The ground plane resistance Rgp can be calculated i f  it is  assumed 
t h a t  the  r a d i a l  current  dis t r ibut ion5 over a ground plane of i n f i n i t e  
conductivity i s  
IO 112 
11x1 = v(G) [ 1 + Cos2(G) - 2Cos(G) Cos[ (2rt/A)( a2 + x2 - x)]] 
ll 
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i n  the coordinate system of Figure 8 and 9 where 
7e = ea r th  conductivity, 
f = frequency, 
x = distance from antenna, 
n = number of equally spaced r a d i a l  wires, 
c = mdn, 
r = radius of the wire i n  ground system. 
and 
This e f f ec t ive  resistance R f o r  a = 100 f t .  has been determined 
gP 
f o r  120 equally spaced no. 8 wires as a function of length up t o  
twenty times the antenna height, and is less than eighty milliohsls 
f o r  conduct ivi t ies  greater  than mhos/cm and a frequency of 20 kc/s ,  
as shown i n  Figures 10 and 11. These calculat ions were made on the  
assumption t h a t  an i d e a l  ground sh ie ld  of 20 f e e t  i n  diameter is 
u t i l i z e d  t o  minimize d i e l ec t r i c  losses  i n  the ear th  caused by the 
high voltages a t  the  base of the antenna. 
If it is asslmred that there is no fr inging of current  where 
equally spaced ground wires terminate, and t h a t  the  change i n  current  
d i s t r ibu t ion  i s  s l i g h t ,  then t h e  power loss  outside the r a d i a l  ground 
plane is 
27 
-. 
Fig. 8--Conduction current f l o w  about a vertical radiator 
with radial ground wires. 
I X  - 
S = Skin Depth . 
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2 Ix dx 
2xxs ye dPx 
= I, dR = -
dPX D, = -
d x  
Fig. 
radiator. 
9-Diagram of current flow in a ring about a vert ical  
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where s is skin depth as defined in Figure 9. Now, 
00 
or 
where 
(25) 
is the current distribution factor. 
for antenria heights of 0.733O, l.lOo, 1,46O, 22O, and 45O, which 
correspond to antenna heights of 100, 150, 200, 3069 and 6138 feet, 
This integral has been evaluated 
respectively, at 20 kc/s for several conductivities. These data are 
presented graphically in Figures 12 and 13 as a function of distance 
from the antenna. 
at which the earth beyond the ground plane contributes very little 
resistance, is a function of antenna height and conductivity, and is 
not a direct function of wavelength. The theoretical value of ground 
resistance for a 120-wire radial ground, of 500-feet in length, for a 
antenna 100 feet tall at 20 kc/s, is less than 100 milliohms for a 
It can be seen that the distance from the antenna, 
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conductivity of 1 x 
fo r  dry ground. 
de f in i t i on  of equivalent resistance i n  terms of power diss ipated i n  
an incremental volume of the  ear th .  The resis tance i s  a function of 
the conductivity, the  skin depth, and the current  d i s t r ibu t ion  factor.  
I f  the current  d i s t r ibu t ion  factor is znity, the xesistance obrained 
i s  the res i s tance  of  a r ing  with the center  a t  r a d i u s  a,  and the 
outer radius approaching inf in i ty .  However, the current d i s t r ibu t ion  
i s  not necessar i ly  constant,  and the var ia t ion  of  the quantity,  a s  a 
function of distance from the antenna, is  presented i n  Figure 14 fo r  
various antenna heights. The graphical representation indicates  t ha t  
the current  d i s t r ibu t ion  factor i s  large a t  a short  distance from a 
shor t  v e r t i c a l  antenna, but that  it decreases rapidly as the distance 
i s  increased. Because of t h i s  f a c t ,  the  contribution of the resis tance 
in t eg ra l  t o  the t o t a l  resistance decreases rapidly as a function of 
dis tance and approaches a l i m i t  a t  distances much less  than 0.31 fo r  
shor t  antennas. This a t  least gives an indicat ion tha t  small e f fec t ive  
ground res i s tances  f o r  shor t  antennas can be obtained through u t i l i z i n g  
r a d i a l  ground systems of lengths l e s s  than three-tenths of a wavelength. 
mhos/cm, which is the m i n i m u m  conductivity 
This small resistance i s  a d i r ec t  r e s u l t  of the 
Studies of ground res i s tance  are continuing, and a more de ta i led  
discussion w i l l  be presented i n  succeeding reports  a f t e r  experimental 
v e r i f i c a t i o n  is  obtained. Whatever the case,  the ground res i s tance  
i s  much grea te r  than the radiat ion res i s tance ,  but the inductor loss  
res i s tance  w i l l  probably be the dominant factor .  
1. 
O.! 
.1  
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= 3000 ft. 
0.5 1 1.5 2.0 2.5 
3 Distance fromthe antenna in ft. x 10 
Ffg. 14--Current distribution for several antenna heights. 
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As indicated i n  Figure 7,  the  reactance of a short  v e r t i c a l  rad ia tor  
increases rapidly as height decreases. 
i s  required t o  e s t ab l i sh  the antenna current  necessary for a specif ied 
power. 
resonate the antenna SO that reasonable driving voltages a re  obtained. 
For the shor t  v e r t i c a l  a n t e ~ a a s  the required tun,irz,g ind~ctancc is quite 
l a rge ,  as shown i n  Figure 7, which makes it  desirable  t o  employ top 
loading. 
form of "capacitive hat", serves three desirable  purposes: 
creases the e f fec t ive  height;  it reduces the required tuning inductance; 
and it lowers the base voltage. 
Thus, an cxbr?emely large voltage 
It is a common pract ice  t o  employ a series inductance t o  
I n  t h i s  system, top loading, which consis ts  of adding some 
it: in- 
The increase in ef fec t ive  height resu l t ing  from top loading is  
caused by the change i n  current d i s t r ibu t ion  as shown i n  Figure 5 ,  
The top-loading capicitance prevents the current  from decreasing t o  
zero a t  the top of the antenna such as occurs i n  the  case of a 
capaci tor  terminating an open-circuited transmission l ine.  Since 
the  current  has a value greater than zero a t  the top, the average 
cur ren t  over the t o t a l  antenna length is increased. 
and effective height of an e l e c t r i c a l l y  shor t  antenna i s  proportional 
t o  t h i s  average value of current,  and any increase i n  the average current  
d i s t r ibu t ion  along the length of the  antenna tends t o  increase the 
measured f i e l d  parameters. Top loading can increase the e f f ec t ive  
height  by, a t  the most, a fac tor  of two because of the relatiorx8hSp 
between the t r iangular  current d i s t r ibu t ion  without top loading and 
The f i e l d  s t rength 
- 
1.- 
1 
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the limiting value of a constant current dis t r ibut ion along the t o t a l  
length of the antenna. The added capacitance may be obtained i n  several 
d i f fe ren t  ways, but the simplest method of achieving large amounts of 
top loading is the use of the umbrella antenna. The umbrella antenna 
is basically a vertical radiator with wires extending away from the top 
of the radiWrcr in a m r  sinllar to that of an extended umbrella as 
shown in  Figure 15. Additional capacitive top loading may be obtained 
by connecting the ends of the umbrella r i b  wires together, as shown i n  
Figure 17 (connecting wires are cal led antenna s k i r t  w i r e s ) .  
r e su l t s  indicate that a decided increase in antenna capacitance can be 
obtained by u t i l i z ing  this technique in  the construction of e l ec t r i ca l ly  
s m a l l  antennas. 
enclosed by the s k i r t  wire and of the height of the w i r e  abwe ground, 
o r  a combination of both d and I). The s k i r t  wire does tend t o  reduce 
the effective height of the antenna because the enclosed triangular,  
conic sections tend t o  shield the vertical radiator. This construction 
technique is an approach used t o  reduce the antenna capacitive reactance, 
thereby minimizing the  required tuning inductance. 
be made between the antenna effective height and the required tuning 
inductance, depending upon the re la t ive  importance of each parameter f o r  
a given antenna system, Such an antenna configuration has been ellamined 
experimentally by C. E. Smith and E, M. Johnson8, and theoretically 
by L. C. Smeby. 
Experimental 
This increased capacitance is  a function of the area 
A compromise must 
9 
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d = Distance from top of radiator to insulator . 
D = Distance to extremities of umbrella support wires 
a = Antenna height 
Fig. 15-Diagram of umbrella r i b  configuration. 
I -  
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From t h e i r  experimental resu l t s ,  it w a s  concluded tha t  the optimum 
length of the  umbrella w i r e s  is  not necessarily independent of f re-  
quency; however, the optimum radiation resis tance i s  obtained when 
the value of d is  approximately 
3a d =  - 7 (26) 
as defined i n  Figure 15 for  e l ec t r i ca l ly  shor t  antennas. 
Figure 17). 
at tached t o  the ends of the umbrella w i r e s  indicate  tha t  the optimum 
radia t ion  resis tance occurs f o r  a given d s l i g h t l y  less than the 
specif ied value. 
rad ia t ion  for a fixed value of D, o r ,  i f  D is increased with d fixed, 
then the  capacit ive reactance of the  system i s  decreased. 
varying of d, a compromise can be effected between eff ic iency and 
capaci t ive reactance for  the reduction of the  tuning inductor 
requirements, which is, of course, extremely important i n  t h i s  
system. 
(See a l s o  
Experimental r e s u l t s  f o r  a c i r cu la r  w i r e ,  o r  s k i r t ,  
If d is  increased beyond the  point  of optimum 
Through the 
Sat isfactory r e s u l t s  have a l s o  been obtained with 
5a d - 7  
by others without excessive shielding of the vertical radiator.  Their 
r e s u l t s  indicated tha t  radiat ion resistance increased with an  increase 
i n  I), and t h a t  t h i s  dimension should be as large as possible s t ruc tura l ly .  
1.’ 39 
The theoretical study by &by9 showed that, through the use of 
the optimum length of the umbrella ribs, the vertical radiation 
characteristics are the same as they would be from the radiator 
without top loading. 
which the umbrella wires are connected at the outer periphery by 
a skirt-wire, and. in which ttre alternate rib vires kave an insulator at the 
top of the antenna. This configuration was suggested as an approach 
to obtain larger radiation resistance. 
umbrella w a s  thought to be mechanically undesirable, in practice, in 
view of the fact that the same resistance can be obtained with an 
umbrella of slightly greater radius. 
Smeby describes a modified sk ir t  umbrella in 
The skirt on the standard 
An expression for the base terminal voltage can be developed 
from the ante- equivalent circuit of Figure 6, For a given antenna 
height, the base voltage is, 
where 
From the theoretical discussion 
= Rr + R L  = B + R A  Rt r 
it can be seen that 
+ Rg 
and 
I 
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If the antenna capacitance is increased by means of top loading 
for a given antenna height, the base voltage will decrease. The base 
voltage is of primary interest since it determines the quality of the 
base insulator required for a specified radiated power. 
voltage varies inversely w i t h  antenna height as described by (32), 
and it is presented in Figure 16 for a radiated power of 100 mw. 
base voltages for several umbrella antennas discussed in a later 
section of this report are also recorded in this figure, and are 
The base 
The 
based upon experimental scale model capacitance measurements. 
The voltage distribution Over the antenna would tend to follow a 
cosine law of distribution, with the maximum voltage occurring at a 
point on the antenna most distant from the base terminals. The 
voltage distribution is a function of the terminal voltage, of the 
antenna self-inductance, and of the capacitive fringing effects. The 
voltage at the most distant point on the antenna" is usually 
approximated as 
Vf = 1.05 Io 9O0(f/f0.) 1 (33) 
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P, = 100 milliwatts 
f = 20 kc/s 
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Fig. 16--Maximum antenna base voltage (RMS) for different con8tant 
capacitive reactance load8 as a function of antenna height. 
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where f i s  t h e  operating f4requenay 
the ante- is e lec t r€ca l ly  114 in length. 
and fo is the  Erequemy a t  whioh 
In t h i s  case 
and hence 
This r e s u l t  should be expected s ince the e n t i r e  antenna s t ruc ture  is  
only a f r ac t ion  of a wavelength. 
s t ruc tu re  should be approximately equal t o  the base voltage, where 
edge effect may cause a var ia t ion of up t o  10% of t h i s  value. The 
basic  eff ic iency of antennas such as these i s  
The voltage a t  any point on the 
Power Radiated x loo%, 7 =  Power Input 
which can be expressed i n  terms of the  equivalent c i r c u i t  parameters 
of Figure 6 ,  
x 100% y R r  7 =  
R L + R , + R A + R g  
where the  inductance XL with loss resis tance RL is  included as a 
pa r t  of the  antenna system, This inductance may be replaced i n  
prac t ice  by a P i ,  T, o r  an L matching section; however, f o r  the 
(37) 
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present purposes, a series inductance with a loss resistance is  
sat isfactory.  
loading w i l l  have range values of: 
The rad ia t ion  resistance (see Figure S), with top 
1.6 d-2 < %  < 6.8 dl f o r  a 100 f t .  antenna; 
4 id! < I$ < 15 it$ for a 150 ft. axxtem; 
and, 7 mQ < Rr < 27 mi2 f o r  a 200 f t .  antenna. 
The maximum top loading becomes more d i f f i c u l t  t o  obtain as height 
increases f o r  umbrella antennas because of the shielding of the vertical 
radiator ;  and, furthemore,IlraxlmMl top loading cannot be obtained 
with simple structures. 
can be based upon the radiat ion resis tance of a vertical rad ia tor  not 
having top- loading capacitance. 
A feasible estimate of the system performance 
A recent invest igat ion of e l e c t r i c a l l y  short  umbrella top- 
loaded antennas" has indicated tha t .  the  static ef fec t ive  height 
of such s t ructures  can be determined by approximating the in tegra l  
equation describing the antenna charge dis t r ibut ion.  This is accom- 
plished by dividing the integral  (or antenna configuration) i n t o  
a f i n i t e  number of segments over which the charge density is assumed 
constant, and wherein the in tegra l  is represented by a set of simultaneous 
l i nea r  equations. 
are presented i n  the form of nomograms r e l a t ing  the capacitance, the . 
ef fec t ive  height,  and the quality factor  Q of the umbrella antenna as 
The r e su l t s  of t h i s  computation of the integral 
m -  
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a function of height, d,  D, and the number of umbrella r i b s  where 
r l / a  = 
rZ/a = 10-5, 
r1 is the e f fec t ive  radius of the antenna tower, 
r2 is the ef fec t ive  radius of the umbrella r i b  wires. and 
From these nomograms, the effect ive height he of  an umbrella antenna 
wherein 
N = 12 
d = 5a/7 
D =  a 
was determined t o  be 
h % 0.5a, 
e 
which is  exactly the effect ive height of an unloaded ve r t i ca l  antenna. 
This decrease i n  the anticipated e f fec t ive  height r e su l t s  from the 
f ac t  t h a t  the r i b  length exceeds the value for optimum radiation. 
This par t icu lar  choice of an antenna configuration w a s  investigated 
because maximum s t a t i c  capacitance i s  desired. The configuration w i l l  
be discussed i n  the following section. 
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Calculations have been made t o  determine the loss resistance of 
the required tuning inductance for an antenna with approximately 
5000 picofarads equivalent capacitance a t  20 kc/s. The calculated 
inductance fo r  t h i s  requirement has the following character is t ics :  
Indue tance 
N u m b e r  of Turns 
D i a m e t e r  
W i z x  D i a m e t e r  
A.C. Resistance 
Length 
12.0.millihenries 
96 turns 
"6.0 f ee t  
6 f e e t  
0.5 inches 
=6.0 ohms 
These charac te r i s t ics  provide a basis  fo r  estimating the order of 
expected magnitudes of the loss res is tance and the c o i l  s i z e  for  an 
ant ic ipated qua l i ty  factor  of 250 a t  these frequencies. 
radiat ion eff ic iency for  a 300-foot vertical rad ia tor ,  which used top- 
loading t o  obtain the specified capacitance, is 
The minimum 
with the estimated component values for  a 500 f t .  ground system where 
Q = 0.5 . 
be i n  the order of 50 w a t t s  (for the specified 300 foot antenna 
radiat ing one hundred m i l l i w a t t s  of power), which is  cer ta in ly  reasonable 
Equation (39) indicates t ha t  the required input power w i l l  
even i f  the eff ic iency i s  poor. 
the eff ic iency w i l l  depend, f o r  the  most pa r t ,  on the inductor loss  
res is tance,  which emphasizes the need f o r  decreasing the capacit ive 
reactance of the antenna. 
Equation (39) fur ther  indicates t h a t  
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Experimental Antenna Capacitance Measurements 
In the design of antennas, considerable information related to 
the impedance characteristics and the radiation pattern of a given 
structural configuration can often be obtained from a scaled model 
mounted on a larger ground plane.12 Scale factors as large as one- 
hundred to one (1OO:l) can be utilized t o  obtain i_asc€d l o femt icn  if 
the structural design is carefully scrutinized. 
such as lattice structures, wire configuration, etc., can be idealized 
Intricate details, 
through the use of some simple geometric forms wherein the measurements 
are corrected accordingly. 
Three 1OO:l scale model VLF umbrella antennas of 100, 150 and 
200 feet have been constructed for the determination of the 
static capacitance of the structures. The value of antenna capacitance 
is extremely important since it determines the required tuning in- 
ductance, and the total base voltage, for a given transmitted power. 
The 100-foot antenna consists of an ungrounded, triangular, vertical 
radiator, which is two feet on each side, and an umbrella, consisting 
of eight ribs with skirt. 
a four-foot square, as sham in Figures 17 and 18. The 150-and 200- 
foot antennas consist of ungrounded triangular, vertical radiators 
Each rib is in a cage form of four wires on 
with eight single-wire ribs with skirt at a 45O angle from the 
vertical, as shown in Figure 19. Static capacitance measurements 
were made at a frequency of one thousand cycles per second, using a 
simple audio frequency bridge with the antenna mounted on an effective 
47 
I 
U 
&I 
0 
0 
t-4 
Fig .  17--VLF umbrella antenna d e s i g n .  
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d = 7 = 64.5 ft. 
Note: Mult.iply 
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Fig. 19a--Rib construction for 150 and 200 ft. VLF umbrella 
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Fig. 19b-Construction for 150 and 200 ft. VLF umbrella 
antennas with d = 5a/7. 
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2000-foot-square ground plane. The corrected f u l l  sca le  measured 
capacitance values a r e  recorded i n  Table 1 f o r  several  s t r u c t u r a l  
var ia t ions  of the basic  design. I n  addi t ion,  capacitance measurements 
w e r e  made a t  the  proper scaled frequency f o r  these models i n  an e f f o r t  
t o  determine the ac tua l  operating capacitance. 
presented i n  Table 1. 
was  impossible t o  scale a l l  the physical parameters of the s t ruc tu re  
so that more information could be obtained ( loss  and rad ia t ion  
res i s tances ,  for  example). 
modeling the s t ruc tures ,  the wire sizes, the  tower dimensions and the 
lattice construction were approximated as c lose ly  as possible. 
The results are also 
Since the scaie Factor was exzremeiy large, ft 
Although there was some d i f f i c u l t y  i n  
The static capacitance of top-loaded umbrella antermas can be 
determined using the namgrBms developed by Gangi, Sensiper and h n n  11 
described i n  "The Vert ical  Radiator Characterist ics" sect ion of t h i s  
report .  The capacitance of a vertical rad ia tor  where 
a = 300 feet, 
d = 5a/7, 
D = a, 
and N = 12 
is  determined t o  be 
CA 4860 p f ,  
f o r  the nomograms given i n  the referenced report .  
within the specif ied ten  percent accuracy when campared t o  the  measured 
The value i s  w e l l  
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sca l e  model capacitance (Table 1, No. 16), 
CA 2(2540) = 5080 pf, 
f o r  such a s t ructure .  The comparison of the model r e su l t s  with the 
caicuiated values OX full-scale capacitance indicates a high degree 
of c r e d i b i l i t y  i n  t h i s  design parameter. 
The umbrella antenna exhibi ts ,  i n  most cases,  a s ign i f icant  
improvement i n  antenna performance over the simple v e r t i c a l  radiator .  
However, the  umbrella has the  d i s t i n c t  disadvantage of increasing the 
mechanical load on the supporting tower. 
such as the 150 and 200 foot antennas, are more d i f f i c u l t  t o  load 
capaci t ively,  with minimum shielding of the  rad ia tor ,  unless addi t ional  
t a l l ,  rib-supporting s t ructures  are u t i l i zed .  
foo t  tower can be heavily top loaded, through the use of shorter  
inexpensive supporting s t ructures ,  without shielding the  v e r t i c a l  
Ta l l e r  v e r t i c a l  rad ia tors ,  
However ,  a strong 100 
radiator .  A t  these frequencies the maximum capacit ive loading i s  
required i n  order t o  reduce the base voltage and t h e  tuning inductance 
required fo r  reasonable transmitter output voltages. 
Remarks 02 Antenna Design 
Unless e l e c t r i c a l l y  l a r g e  s t ruc tures  are employed, the  design of 
the transmitt ing antenna t o  be u t i l i z e d  i n  t h i s  system is e l e c t r i c a l l y  
very small because of the  lcng wavelengths involved. 
e l e c t r i c a l l y  small s t ruc tures  presents a class of unique problems. 
The design of 
1. 
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The large antenna capacit ive reactance, for antennas of  less than 
two degrees of e l e c t r i c a l  length, i s  by far the most important con- 
s idera t ion  i n  the design of e l ec t r i ca l ly  small antennas. I n  order 
t o  obtain even small radiated powers, the antenna base voltages reach 
enormous proportions, and large tuning inductances are required i n  
order t o  reduce the driving voltage 02 the u1itufiiA Z i i t E i S i .  Sface the 
loss resis tance increases as the inductance increases,  it is  mandatory 
tha t  the required tuning inductance be reduced i f  reasonable antenna 
e f f ic ienc ies  are t o  be obtained. 
It has been shown tha t  the rad ia t ion  charac te r i s t ics ,  fo r  a 
specif ied radiated power, a r e  independent of antenna height. Employing 
t h i s  philosophy, several antenna configurations w e r e  constructed, and 
the reactance cha rac t e r i s t i c s  measured. Two basic designs w e r e  used. 
I n  the  f i r s t  case, d ( the  length of the  r ibs )  and i n  the other case, 
D ( the  angle from the vertical f o r  a fixed r i b  length) were each 
varied i n  order t o  obtain the  antenna reactance charac te r i s t ics .  A 
100-foot umbrella antenna, using multiple wire r i b s  with D > a,  has a 
larger  capacitance(2990 pf) than any of the 150 f t .  antenna s t ructures  
investigated. This large s t a t i c  capacitance can be obtained by means 
of the  proposed u t i l i z a t i o n  of inexpensive supporting s t ruc tures  
(creosote poles) f o r  the r i b s ,  and D would thereby be made as large as 
s t ruc tu ra l ly  possible. A t  larger heights a s t ruc ture  using physical 
supports for  the umbrella r ib s  would be even more expensive than a 
simple top ha t  supported by four large towers. By extending the tower 
~ I,' 54 
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heights t o  200 or 300 f ee t ,  and by using the maximum length fo r  12 
r i b s  without s k i r t s  (d = 5a/7), capacitances of 3390 and 5080 pf., 
respectively,  can be obtained, (See Table 1, and use a l inear  scale 
change). The 200-foot antenna, loaded i n  the specified manner, yields 
only s l i gh t ly  more capacitance than the heavily loaded 100-foot 
s t ructure .  The 300 foot antenna prnduces an dhmt 2:l increase fn 
capacitance over the 100 foot antenna, which r e su l t s  i n  a large im- 
provement i n  efficiency because the loss  res is tance decreases with 
required tuning inductance ( in  the order of 12 mh), andbecause the 
radiat ion resis tance increases. 
For e l e c t r i c a l l y  small umbrella antennas, with a r ad ia l  ground 
w i r e  system a t  20 kc/s, it was observed tha t  the loss  res is tance of the 
tuning inductance i s  the dominant factor  i n  determining antenna 
efficiency. But, t h i s  i s  t rue only i f  the ground plane is of suf f ic ien t  
length t o  reduce losses result ing from induced conduction currents. 
The r e su l t s  shown i n  Figures 10, 11, 12,  and 13 have been combined t o  
obtain the e f fec t ive  ground resistance %, as a function of ground wire 
length as presented i n  Figure 20. 
w i r e s  longer than 3 t o  4 times the antenna height do not reduce the 
e f fec t ive  resistance t o  any great degree. 
noted tha t  e f fec t ive  ground resistance decreases with decreases i n  
antenna height for  a fixed rad ia l  ground w i r e  length, and the decrease i s  
a d i r ec t  r e s u l t  of the current dis t r ibut ion.  However, the e f fec t ive  
ground resis tance i s  s t i l l  large when compared to  the radiat ion resistance.  
It should be noted tha t  for  ground 
I n  addition, it should be 
50 100 200 300 500 800 1000 
Ground Wire Length i n  Feet  
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-6 - = 10 mho/cm e 
f = 20 k c / s  
X o .  of w i r e s  120 
Wire s i z e  N o .  8 
Brackets  i n d i c a t e  antenna 
Height 0 20 k c / s  
F ig .  20 - -Ef fec t ive  ground r e s i s t a n c e  Rg as a f u n c t i o n  of 
r a d i a l  ground w i r e  ' l e n g t h .  
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In order to obtain maximum efficiency, and also a reduced 
tuning inductance requirement, a 300 ft. umbrella antenna with 
d = 5a/7, and a ground system of 120 radial wires of approximately 
1000 feet, should be utilized. 
length can be decreased to a length of 500 feet without seriously 
However, the radial ground wire 
affecting the efficiency because the effective ground resistance 
is still much smaller than the expected values of inductor loss 
res is tance . 
Effect of Finite Ground Conductivity on Antenna Radiation Characteristics 7 - 
In the foregoing discussion of the radiation characteristics 
of a short dipole, the earth was considered a perfect conductor. 
While this assumption may be satisfactory in some cases, the effect 
of a finite conducting earth upon the radiation characteristics of a 
short dipole in the VLF frequency range merits further consideration. 
The major effect of the finite conductivity of the earth upon the 
radiation pattern of the space wave is that it reduces the magnitude 
of the field, at low angles, from its value over a perfectly conducting 
earth, as s h m  in Figure 21. The functional parameter n is 
18 10Sye 
n =  
fmc ‘r 
7 
where 
E~ is the relative dielectric constant, 
ye is the earth conductivity in mhos per cm. 
fmc is frequency in megacycles, and 
! [  - 
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The reduction i n  f i e l d  magnitude is  caused by the rapid 
changes of the ground ref lect ion coeff ic ient  fo r  angles near the 
pseudo-Brewster angle, which is a function of ear th  conductivity. 
A t  angles of incidence below the pseduo-Brewster angle, the phase of 
the r e f l ec t ion  coeff ic ients  i s  approximately zero, and at angles above 
'It is 180 degrees. 
propagated wave below the pseudo-Brewster angle, and tends t o  reinforce 
t h e  propagated wave above the angle. 
for  E r ,  and i f  a frequency of 20 kc/s is  considered, with conductivit ies 
ranging from 1 x loe6 mho/cm (poor) t o  2 x 
'Ems, t he  reflected i ave  tei ids te camel the 
I f  an average value i s  assumed 
mho/cm (average), then 
6 - -  C n C 120, 
where = 15. The d ie l ec t r i c  constant is  reasonably s tab le  for  
d i f fe ren t  conductivit ies,  and these values of n w i l l  not vary 
appreciably as  a function of the d i e l ec t r i c  constant. 
t ha t  the e f f ec t  of the f i n i t e  conductivity i s  t o  reduce the s ignal  
strength a t  l o w  angles for  these values of n, as indicated i n  Figure 21. 
The reduction of f i e l d  strength a t  l aw angles indicates tha t  the select ion 
of the transmitter location i s  extremely important f o r  long range space 
w a v e  communications, which require radiat ion a t  low elevation angles. 
Whenever possible,  a s i te  having high conductivity i n  the f i r s t  few 
wavelengths from the antenna should be selected i n  order t o  minimize 
t h i s  effect .  
It i s  apparent 
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E Space E: n=100 m1 
r n =1 
E Surface  jn=100 
7 21 - -Ver t i ca l  r a d i a t i o n  p a t t e r n  f o r  t h e  space wave of a 
-y 15. 
F ig .  
s h o r t  d i p o l e  l o c a t e d  on t h e  s u r f a c e  of a f l a t  e a r t h  w i t h  
F ig .  22 - -Ver t i ca l  r a d i a t i o n  p a t t e r n  f o r  t h e  s u r f a c e  wave of a 7 s h o r t  d i p o l e  l o c a t e d  on t h e  s u r f a c e  o f  a f l a t  e a r t h  w i t h  E r -  ., 15. 
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In this particular system, the communications path is approximately 
320 km, which is relatively short. 
from the horizontal is of the order of 25 degrees, if a mean height of 
75 km is assumed for the ionosphere. 
for any portion of the proposed propagation path is 3 x 10-5 mhos/cm, 
(n = 180) , the azgle ~f cle-;2tim of the vertical radiation space 
wave pattern will be less than 25 degrees. 
the finite conductivity of the earth will alter the radiated space 
wave magnitude only a slightly in the proposed propagation path. 
The angle of incidence measured 
Since the lowest conductivity 
* 
This fact indicates that 
The surface wave radiated from the vertical radiator is also 
dependent on the finite conductivity of the earth. 
of n (low frequencies and good conductivity), the unattenuated surface 
wave is very small, except near grazing angles. For smaller values of 
n, the unattenuated surface wave has an appreciable value at high 
angles, as shown in Figure 22. However, the attenuation of this wave 
is also a function of the earth conductivity. 
For large values 
Receiving Antenna Requirements 
Propagation of vI;F Energy over Small Distances If only the 
vertical component of the electric field is considered, a received 
signal at a distance L measured along the earth is surface from the 
transmitter will consist of contributions both from the space wave and 
from the surface wave. In the simplified case of a signal consisting 
of a surface wave field component, and a once-reflected sky wave 
field component, the signal will be proportional to the total field 
strength, Et, where 
*(FCC map) 
- 
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- 
Eg = Amplitude of the surface wave, 
- 
and E, = Amplitude of the space wave. 
- 
The phase of Et continually changes because there are periodic and non- 
- - -  pttridic V Z Z ~ S ~ ~ O ~ S  generated in tire space wave E 
extremely constant phase of the surface phase of the surface wave. 
These variations are a result o f  ionospheric phenomena. 
of the total field strength is a function of the reflection height, the 
reflection coefficient, and the phase of the ground wave. 
variation, which is independent of equipment-induced phase error, is 
the major quantity to be investigated by means of the proposed phase 
measurement system. 
relative to the S' 
The magnitude 
This phase 
The contribution of the surface wave to the received signal 
strength can be expressed as 
where IFs] is the unattenuated field strength at one mile from the 
antenna, and A 
factor is a function of the frequency, the polarization, the distance 
with curvature, the effective earth conductivity, and the dielectric 
constant of the earth. It has been shown that for short numerical 
distances the attenuation factor varies almost exponentially with 
is the ground wave attenuation fa~tor.~ The attenuation [I 
distance as 
' 1. 61 
[A] = E: - 0.43~ -I- 0.01~2 
s 
where 
YIL p ? ! -  cos b; numerical distance, 
-1 Er + 1 
b tan -, phase constant X 
and 
x =  n€r 
for b < 50 and p < 4.5. 
At a frequency of 20 kc/s, and for a propagation path of 320 km, 
the magnitude of A is 
(45)  
For conductivities between lom6 mhos/cm, and 3 x 10-5 mhos/cm, the use 
of this attenuation factor and the specified transmitted power respec- 
tively produces a calculated surface wave field strength of 
for L = 320 km, for the specified conductivities. 
The effective amplitude of the space wave at the receiver 
location is a function of the distance, the reflection coefficients of 
the ionosphere and of the earth, and the antenna characteristics. 
the finite conductivity of the earth does not alter the vertical 
Since 
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rad ia t ion  cha rac t e r i s t i c s  appreciably fo r  t h i s  propagation path, the 
amplitude of the once-reflected space wave13 fo r  a v e r t i c a l  rad ia tor  is  
(47) 
where 
i i s  the  angle of incidence of the space wave with the ground, 
g 
is the r e f l ec t ion  coeff ic ient  of the  ionosphere, 
L is  the  length of t h e  sky wave path, 
M is a fac tor  introduced by the focusing e f f e c t  of the 
spher ica l  ionospheric re f lec t ing  surface; however, fo r  these 
short distance M approaches unity. 
lIRli 
and 
The r e f l ec t ion  coeff ic ient  of the  ionosphere depends upon the 
frequency, the polar izat ion,  the angle of incidence, the time of year,  
etc., and i s  therefore very d i f f i c u l t  t o  specify. 
r e s u l t s  obtained a t  16 kc/s for comparable distances indicate  tha t  a 
Experimental 
variation14 of the  r e f l ec t ion  coef f ic ien t ,  l r f f i l  , occurs i n  the range 
of 0.27 t o  0 .55 ,  for  a sunnner day and night ,  respectively.  
r e f l e c t i o n  coef f ic ien t  of 0.27 is  assumed, then 
I f  a 
lEsl = 925 nanovolts/meter, (48) 
where 
L = 354 km based or 75 km mean ionosphere height over a f l a t  earth, 
*This subscript  notation,ll , denotes tha t  the e l e c t r i c  f i e l d  of the 
incident  wave is p a r a l l e l  t o  the plane of incidence and the n o t a t i o n , l ,  
means it is  perpendicular t o  the  plane of t he  incidence. 
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A comparison of the surface wave and the space wave indicates that the 
surface wave will be the predominent field component where 
and further, that the amplitude of the total electric field strength 
will be approximately that given in (46 )  where 1,41 = 0.27. Even 
with larger reflection coefficients, the ground wave is the predominent 
factor in field strength determination. 
study devoted exclusively to as the space wave, reflected by the iono- 
sphere, is performed in the future, the required transmitted pwer will 
increase slightly, except for periods of low ambient atmospheric noise. 
It should be noted that if a 
The values of electric field strengths obtained in this section 
are approximate values which can be utilized in the planning of the 
terminal installations. 
(48), and (49) are in the same range of magnitude, as determined from 
Pierce's equati~n,~ which was utilized to determine the required 
transmitted power in Chapter 111. 
function of distance for Pierce's equation, 
The field strengths calculated from (46), 
A plot of the field strength as a 
L 
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where 
6 is the angular distance in radians, 
Pr is in kilowatts, 
and 
f is in kilocycles/second, 
1 
has been made, and is presented in Figure 23 for 100 milliwatts 
of radiated power. 
Receiving Antenna 
The receiving antenna requirements are less severe than those of 
the transmitting antenna at VLF frequencies. Since the ambient atmos- 
pheric noise is much greater than the inherent noise introduced by the 
receiver, the SNR is established on the basis of the atmospheric noise, 
independent of the receiver characteristics. The efficiency of the 
receiving antenna is thus of minor importance, since both the noise 
and the signals are reduced in the same proportion for any given 
efficiency for non-directional antenna systems. The only requirement 
of the antenna is that the effective height, or aperture, be large 
enough to ensure that the received signal is above the receiver sensi- 
tivity for a sufficient SNR. 
The receiving antenna usually employed is a standard whip antenna 
of about 3 meters physical length, and about 0.75 to 1.5 meters of 
effective height. If both the field strength and the receiver sensitivity 
are knOwn,a compromise can obtain an antenna structure which will satisfy 
all requirements. 
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100 500 1000 
Distance in km. 
Fig. 23--Field strength as a function of distance for a 
radiated power of 100 milliwatts at 20 kc/s. 
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For a distance of 200 t o  300 m i l e s ,  the  received s ignal  w i l l  be 
i n  the range of 5 t o  6 microvolts i f  a whip antenna of  1 meter of 
e f f ec t ive  height i s  u t i l i z e d  (See Figure 23) ,  and i f  the required 
SNR for phase tracking i s  maintained. 
adequate s ince the  s e n s i t i v i t i e s  of presently avai lable  receivers are 
i n  the  order of 50 nanovolts f o r  posi t ive AGC control.  
This s ignal  strength i s  cer ta in ly  
Since the SNR i s  set  independent of the receiving system, d i rec t ive  
arrays a r e  of considerable importance, because the t o t a l  noise received 
i s  reduced, thereby yielding higher SNR's. Loop and wave antennas have 
been u t i l i z e d  i n  ce r t a in  applications t o  some advantage; however, 
ne i ther  the small ef fec t ive  height of the loop antenna, nor the large 
physical dimensions of the  wave antenna a re  desirable  for  the  present 
system requirements. For future requirements the loop antenna might 
possibly have some applications,  even though the e f fec t ive  height i s  
very s m a l l .  
1 .  
m, CONCLUSIONS AND RECOMMENDATIONS 
I 
The r e s u l t s  of t h i s  invest igat ion c lear ly  indicate  tha t  phase com- 
parison of low-power VWP signals  over shor t  dis tancesby means of 
eiectricaiiy smaii antennas i s  feasible .  it has been shown t ha t  it 
is  desirable  t o  u t i l i z e  an antenna s t ruc ture  which has a reasonable 
eff ic iency and a s t a t i c  capacitance so  t h a t  the base voltage and the 
tuning inductance requirements a r e  minimized. A 300-foot v e r t i c a l  
antenna with the following charac te r i s t ics  should s a t i s f y  these 
requirements : 
Physical Requirements : 
me 
Height 
Number of r i b s  
Length of r i b s  
Rib w i r e  s i z e  
Rib angle with v e r t i c a l  
Voltage Breakdown- Base insulator  
Radial Groundwire length 
Number of ground w i r e s  
Size of ground w i r e s  
Ground sh ie ld  a t  antenna base 
Umbrella with multiple w i r e  r i b s  
300 f e e t ,  
12 
4 t o  6 w i r e s  on 4 inch diameter 
450 
50,000 RMS 
500 t o  1000 f e e t  
120 
No. 10 
20 foot diameter 
300 f e e t  
E lec t r i ca l  Characteristics: 
Radiation res i s tance  < 20 mn 
Efficiency < 1 %  
Base voltage <5kvRMS 
Effect ive ground res i s tance  
S t a t i c  capacitance - 5000 pf.  
Tuning inductance loss  res is tance 
N 0.5 R 
Required tuning luductance Y 12 mh. 
< 6 R 
These values represent the expected range of the parameters speci- 
f ied ,  and cannot be determined more spec i f ica l ly  u n t i l  the  f i n a l  design 
I 
I 
I 
is  completed. 
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The calculated field strengths at 320 km from the transmitter, where 
Pr = 100 mw, should be sufficient for the study of the composite VLF 
signal, or for certain associated field components, if the proper 
receiving antenna system is utilized. 
facilitate possible phase stability studies of ionospheric propagation 
of V?. sig-zls sver sf ior t  distances. 
This capability will in turn 
I' 
REFERENCES 
I -  
! 
1 
1. F. H. Reder, M. R. Winkler, C. Bichart, "Results of a Long- 
Range Clock Synchronization Experiment", Proc. IRE, Vol. 45, 
June 1957, 
&. 3 T. W. Stidcer, *The Ionospheric iiefiection of Radio waves of 
Frequency 16 kc/s Over Short Distances", Proc. IEEE. Vol, 102C, 
1955. 
3. R. N. Bracewell, "The Ionospheric Propagation of Radio Waves of 
Frequency 16 kc/s Over Distances of About 200 lun", Proc. IEEE, 
Monograph No. 34K, April, 1952. 
4. J. A. Pierce, "Frequency Comparison by VLF Radio Transmission," 
Proc. IRE, Vol. 45, 1957. 
5. G, H. Brown, R. F. Lewis, and J. Epstein, "Ground Systems as a 
Factor in Anterma Efficiency,tf Proc. IRE, Vol. 25, June 1957. 
6. John D. Kraus, Antennas, McGraw-Hill Book Company, Inc., 1950, 
Chap. 5. 
7. Edward C. Jordon, Electromapnetic Waves and RadiatinP Systems, 
Prentice-Hall, Inc . 1950, Chapter 14. 
8 .  C. E. Smith, and E. M. Johnson, "Performance of Short Antennas," 
Proc. IRE., Vol. 35, Oct. 1947. 
9. Lynne C. Smeby, "Short Antenna Characteristics-Theoretical," 
Proc. IRE., Vol. 37, Oct. 1949. 
10. John C. Walter, "Very Low Frequency Antennas are Going Back to 
Work," Electronics, January 11, 1965. 
11. A. F. Gangi, S, Sensiper, and G. R. Dunn, "The Characteristics 
of Electrically Short, Umbrella Top-Loaded Antennas," 
Trans. on Ant, and Prop., AP-13, No. 6, November 1965. 
IEEE 
12. Henry Jasik, Antenna Engineering Handbook, McGraw-Hill Book Company, 
1961, Chapter 19. 
13. J. S. Belrose, W. L. Hatlon, C. S. McKerraJ, and R. S. Thain, "The 
Engineering of Communication Systems for Low Radio Frequencies ," 
Proc. IRE, Vol. 47, May 1959. 
14. Kenneth Davies, Ionospheric Radio Propagation, National Bureau 
of Standards Monograph 80 ,  April 1965, Chapter 9. 
69 
